Parkinson's disease (PD) is the second most common progressive neurodegenerative disease. Several genes have been associated with familial type PD, providing tremendous insights into the pathogenesis of PD. Gathering evidence supports the view that these gene products may operate through common molecular pathways. Recent reports suggest that many PD-associated gene products, such as a-synuclein, LRRK2, parkin and PINK1, associate with lipid rafts and lipid rafts may be associated with neurodegeneration. Here, we observed that DJ-1 protein also associated with lipid rafts. Palmitoylation of three cysteine residues (C46/53/106) and C-terminal region of DJ-1 were required for this association. Lipopolysaccharide (LPS) induced the localization of DJ-1 into lipid rafts in astrocytes. The LPS-TLR4 signaling was more augmented in DJ-1 knock-out astrocytes by the impairment of TLR4 endocytosis. Furthermore, lipid rafts-dependent endocytosis including the endocytosis of CD14, which play a major role in regulating TLR4 endocytosis was also impaired, but clathrindependent endocytosis was not. This study provides a novel function of DJ-1 in lipid rafts, which may contribute the pathogenesis of PD. Moreover, it also provides the possibility that many PD-related proteins may operate through common molecular pathways in lipid rafts.
INTRODUCTION
Parkinson's disease (PD) is the second most common progressive neurodegenerative disease characterized by dopaminergic neuronal loss in the substantia nigra pas compacta and by the intracytoplasmic inclusions named Lewy bodies or Lewy neurites. PD is mostly of idiopathic origin, but 10% of the cases are associated with either an autosomal dominant or recessive mode of transmission (1) . Several genes, such as a-synuclein, LRRK2, parkin, PINK1 and DJ-1, have been identified, providing tremendous insights into the molecular pathways underlying neurodegeneration shown in PD (1) . Nevertheless, the precise roles of these gene products on the pathogenesis of PD remain insufficiently understood.
Recent evidence supports the view that these gene products may operate through common molecular pathways. PINK1 knock-out produces similar phenotypes with parkin knock-out in a Drosophila model (2, 3) . DJ-1 has also been reported to act to the PINK1/parkin pathway to control mitochondrial function (4) . Functional links between a-synuclein and LRRK2 have been reported (5, 6) . In addition, inhibition of mitochondrial fusion by a-synuclein is rescued by PINK1, Parkin and DJ-1 (7) , indicating that they may also share common signal pathways. Accordingly, efforts have been made to find the common molecular pathways involving these gene products. Their discoveries hold great potential for unraveling still unsolved molecular mechanism of the pathogenesis of PD.
Lipid rafts are specialized membrane microdomains that are enriched in cholesterol, glycosphingolipids and glycosylphosphatidylinositol (GPI)-anchored proteins. Lipid rafts serve as organizing centers for the assembly of signaling molecules, influence membrane fluidity and trafficking of membrane proteins, and regulate receptor-mediated signal transduction and exo/ endocytosis (8, 9) . Recently, lipid rafts have attracted interest in neurodegeneration. Accumulating evidence indicates that changes in lipid rafts induced by alteration in their gangliosides * To whom correspondence should be addressed at: Department of Pharmacology, Ajou University School of Medicine, San 5, Wonchon-dong, Yeongtong-gu, Suwon, 442-721, Korea. Tel: +82 312195063; Fax: +82 312195069; Email: sangmyun@ajou.ac.kr and/or cholesterol content are present in many neurodegenerative diseases such as Alzheimer's disease (AD), PD, Huntington's disease (HD), amyotrophic lateral sclerosis (ALS) and prion disease (10) . Also, proteomic analysis using AD and ALS mouse models showed significant alteration in numerous proteins in lipid rafts (11, 12) . Lipid rafts have also been reported to be associated with the production, aggregation and cellular toxicity of Ab, a key player of AD (13) . a-Synuclein (14) , mutant huntingtin (15) and prion (16) , which are key players of PD, HD and prion disease, respectively, have also been found in lipid rafts, implying that lipid rafts may play a common role in many neurodegenerative diseases. Interestingly, many PD-associated gene products such as parkin (17) , PINK1 (18) and LRRK2 (19) as well as a-synuclein (14) have also been reported to associate with lipid rafts. Accordingly, these observations imply that functional alteration of lipid rafts by these proteins or functional alteration of these proteins in lipid rafts may be one of common pathological mechanism of PD. Nevertheless, their functions in lipid rafts have not been adequately investigated.
DJ-1 is a ubiquitous protein that is highly expressed in both brain and peripheral tissues. DJ-1 was originally identified as an oncogene that shows a cooperative transforming activity with H-Ras (20) . DJ-1 was also identified as the PARK7 gene causing early-onset, autosomal recessive PD (21) . Since then, several mutations of the DJ-1 gene including deletion and point mutations, such as M26I, E64D and L166P, have been reported in PD patients (1) . In the brain, DJ-1 is expressed in neuronal and glial cells. Especially, in the human brain, DJ-1 is expressed in astrocytes predominantly more than in neurons (22) . Additionally, several studies indicated that DJ-1 is mainly localized in the cytosol and a small portion of DJ-1 is also localized in the mitochondria, nucleus and synaptic membrane (23, 24) . DJ-1 is a multifunctional protein that has been implicated in several processes including cell cycle regulation and oncogenesis, sperm maturation and fertilization, control of gene transcription, regulation of mRNA stability, and response to cell stress in a cell type specific manner (25) . Especially, in neurodegeneration, DJ-1 functions as an antioxidant or a sensor of oxidative stress (26) . However, considering a variety of roles of DJ-1 in different cells, it is highly possible that DJ-1 also functions in different ways in neurodegeneration.
Presently, we explored whether DJ-1, a PD-associated gene product, also associates with lipid rafts and how DJ-1 associates with lipid rafts. Furthermore, roles of DJ-1 in lipid rafts of primary astrocytes were explored.
RESULTS

DJ-1 associates with lipid rafts
To investigate whether DJ-1 associates with lipid rafts like other PD-associated proteins, lipid rafts of rat primary astrocytes were first isolated based on their solubility in 1% Triton X-100 on ice (27) and western blot for DJ-1 was performed. As shown in Figure 1A , 10% of total DJ-1 was observed in the cold Triton X-100 insoluble fraction. A small portion of DJ-1 was also observed in the low density lipid rafts fraction in sucrose density gradient centrifugation fractionation analysis (Fig. 1B) . In addition, confocal microscopy analysis revealed that a small portion of DJ-1 was co-localized with caveolin-1 (Cav-1) and flotillin-1 (Flot-1), which are major markers of lipid rafts (Fig. 1C) , suggesting that DJ-1 associates with lipid rafts. Previous studies demonstrated that certain mitochondrial proteins were isolated in a buoyant fraction of sucrose density gradient centrifugation fractionation analysis without localization in lipid rafts as contaminants of lipid raft preparations and these contaminants were not sensitive to cholesterol disruption by methyl-b-cyclodextrin (MbCD) (28) . As a small portion of DJ-1 is localized in the mitochondria (23), MbCD was used to rule out this possibility. As shown in Figure 1D , DJ-1 was translocated into non-lipid rafts fractions by the treatment with MbCD such as Flot-1, suggesting that DJ-1 associates with lipid rafts as a lipid rafts protein, and not as a contaminant. In SH-SY5Y cells, similar results were obtained (data not shown), suggesting that the localization of DJ-1 in lipid rafts is not specific in astrocytes.
Palmitoylation of DJ-1 is important for targeting into lipid rafts
Next, we wondered how DJ-1 associates with lipid rafts. To investigate the molecular mechanism of DJ-1 association with lipid rafts in more detail, we used transient transfection of DJ-1 in COS-7 cells. The endogenous level of DJ-1 in COS-7 cells was minimal (Supplementary Material, Fig. S1A ). Overexpressed flag-tagged DJ-1 was also isolated in lipid rafts fraction ( Lipid modifications (myristoylation and palmitoylation) of proteins play a role in the association with lipid rafts (29) . DJ-1 lacks a classic N-terminal myristoylation site (30) and three cysteine residues (C46, C53 and C106) are able to be palmitoylated in the DJ-1 sequence. So, to investigate whether palmitoylation plays a role in the localization of DJ-1 into lipid rafts, COS-7 cells transiently transfected with flag-tagged DJ-1 were incubated with 2-bromopalmitate, a palmitate analog that blocks palmitoylation of proteins (31) for 24 h, and then were fractionated with cold Triton X-100 soluble and insoluble fractions. As shown in Figure 2A , the inhibition of palmitoylation by 2-bromopalmitate decreased the isolation of DJ-1 in lipid rafts, suggesting that palmitoylation may play a role in the localization of DJ-1 into lipid rafts. To determine the cysteine residues involved in the palmitoylation of DJ-1, we first tested three single mutant constructs (C46A, C53A and C106A). Three single cysteine mutants were well expressed, compatible with the wild-type (WT) (Supplementary Material, Fig. S2A ). Any single mutation had no effect on the isolation of DJ-1 in the lipid rafts fraction (Fig. 2B) . As it was possible that multiple cysteine residues of DJ-1 are palmitoylated and C46 and C106 among three cysteine residues in the DJ-1 sequence were very susceptible to be palmityolated according to the prediction by the CSS-Palm 3.0 palmitoylation site prediction software (http:// csspalm.biocuckoo.org) (32), we made double and triple mutant constructs (C46A/C106A and C46A/C53A/C106A), and then tested. These mutants were also well expressed, compatible with WT DJ-1 (Supplementary Material, Fig. S2B ). As shown in Figure 2C , the double cysteine mutant of DJ-1 was less isolated in the lipid rafts fraction than WT DJ-1, and the triple cysteine mutant of DJ-1 was much less isolated in lipid rafts fraction
4806
Human Molecular Genetics, 2013, Vol. 22, No. 23 than the WT and double cysteine mutant. In sucrose gradient centrifugation fractionation analysis, the triple cysteine mutant was rarely isolated in the lipid rafts fraction (Fig. 2D) (Fig. 2F) , suggesting that all three cysteine residues of DJ-1 are palmitoylated, and that the palmitoylation of DJ-1 plays an important role on the localization of DJ-1 into lipid rafts.
C-terminal region of DJ-1 is important for the localization into lipid rafts
Palmitoylation cannot be sufficient for the localization into lipid rafts (33) . To determine the region of DJ-1 that is important for Figure 1 . DJ-1 associates with lipid rafts in rat primary astrocytes. (A) Rat primary astrocytes were lysed in ice-cold 1% Triton X-100 buffer and were fractionated. The soluble and insoluble fractions were then analyzed for DJ-1 by western blot. Flotillin-1 (Flot-1) and caveolin-1 (Cav-1) were used as markers for the lipid rafts fraction, and transferrin receptor (TfR) was used as a maker for the non-lipid rafts fraction. (B) The sucrose gradient centrifugation fractionation assay was performed as described in Section 'Materials and Methods'. (C) Rat primary astrocytes were stained with anti-DJ-1 antibody (red) and anti-Flot-1 or anti-Cav-1 (green). Cells were observed by confocal microscopy. Blue indicates DAPI staining. Scale bar indicates 20 mm. (D) After the treatment of rat primary astrocytes with 20 mM MbCD for 1 h, the lysates were then analyzed by the sucrose gradient centrifugation fractionation assay.
Human Molecular Genetics, 2013, Vol. 22, No. 23 4807 the association with lipid rafts, we designed four deletion mutants based on its structure (Fig. 3A) . All deletion mutants were well expressed, compatible to WT DJ-1 (Supplementary Material, Fig. S2C ). Interestingly, only the DJ-1 1-129 mutant was not observed in the cold Trion X-100 insoluble fraction (Fig. 3B ). This was confirmed by sucrose gradient centrifugation fractionation analysis (Fig. 3C) . Also, only DJ-1 1-129 mutant was not observed on the plasma membrane in confocal microscopy analysis (Fig. 3D) , suggesting that the C-terminal region of DJ-1 is important for the association with lipid rafts. In addition, to investigate whether mutations of DJ-1 found in familial PD patients have effect on the association with lipid rafts, three mutants (M61I, E64D, and L166P) were transiently overexpressed in COS-7 cells. The mutants of DJ-1 were wellexpressed, compatible with WT DJ-1, except L166P (Supplementary Material, Fig. S2D ), and the mutants, except L166P, were associated with lipid rafts to a similar level as WT DJ-1 ( Fig. 3E ), suggesting that familial type DJ-1 mutants have no effect on the association with lipid rafts. Decreased association of L166P DJ-1 with lipid rafts may be due to decreased protein stability, in agreement with other study (23) .
DJ-1 exists as a homodimer (34, 35) . To rule out the effect of hetero-dimerization between flag-tagged mutants and endogenous DJ-1 in COS-7 cells on the association with lipid rafts, we also performed all experiments in DJ-1 knock-out (KO) mouse embryo fibroblasts (MEF) cells and observed same results as those in COS-7 cells (Supplementary Material, Fig. S3 ).
Association of DJ-1 with lipid rafts is increased by lipopolysaccharide in primary astrocytes
The association of DJ-1 with lipid rafts means that DJ-1 may function in lipid rafts. Also, palmitoylation is a reversible lipid modification that can be regulated by specific extracellular signals (31) , implying that DJ-1 may be trafficked into lipid rafts by certain stimuli. Lipopolysaccharide (LPS)-TLR4 signaling pathway is associated with lipid rafts (36, 37) . Accordingly, we investigated whether the treatment of astrocytes with LPS can regulate the association of DJ-1 with lipid rafts. As shown in Figure 4A , LPS increased the association of DJ-1 with lipid rafts as a function of time in astrocytes. We also confirmed this observation using sucrose gradient centrifugation fractionation analysis ( Fig. 4B) , suggesting that the trafficking of DJ-1 into lipid rafts may be involved in the LPS signaling pathway. Serum stimulation also increased the association of DJ-1 with lipid rafts (Supplementary Material, Fig. S4 ).
DJ-1 KO augments LPS-induced signaling pathway by regulating TLR4 endocytosis
To investigate how DJ-1 is involved in LPS signaling, we used astrocytes from DJ-1 KO mice. Treatment with LPS increased tumor necrosis factor (TNF)-a mRNA expression and protein secretion in both astrocytes from WT and KO mice. However, the response by LPS was much higher in astrocytes from KO mice than in those from WT mice (Fig. 5A ). In addition, the phosphorylation of p38 by LPS treatment was also more increased in astrocytes from KO mice than those from WT mice (Fig. 5B) , indicating that LPS signaling is more augmented in astrocytes from KO mice, which agreed with another study (38) .
To investigate how DJ-1 is associated with LPS-induced TLR4 signaling, first, we performed flow cytometry analysis to check the difference of total and surface level of TLR4 between WT and KO astrocytes. As shown in Figure 5C , there was no difference of total and surface level of TLR4 between the two groups. Surface TLR4 is endocytosed by LPS (39, 40) and the lipid raft-dependent endocytosis pathway is involved in LPS-induced TLR4 endocytosis (41) . In agreement with other studies, LPS induced TLR4 endocytosis in WT DJ-1 astrocytes. However, LPS did not induce TLR4 endocytosis in DJ-1 KO astrocytes (Fig. 5D ). To confirm these findings, we also performed confocal microscopy analysis. The antibody used to detect TLR4 was not reliably available for this analysis. Instead, astrocytes were treated with biotin-labeled LPS and then were stained with fluorescence-labeled streptavidin. In WT astrocytes, biotin-labeled, LPS was internalized into the cytosol and was less detected on the cell surface. However, in DJ-1 KO astrocytes, more biotin-labeled LPS was detected on the cell surface than that in WT astrocytes, although the total level of biotin-labeled LPS in WT DJ-1 astrocytes did not differ from that of DJ-1 KO astrocytes (Fig. 5E) . Finally, when WT and triple cysteine mutant were transiently expressed in DJ-1 KO astrocytes, WT DJ-1 expression rescued the defect of TLR4 endocytosis, but the expression of triple cysteine mutant of DJ-1 did not, suggesting that the association of DJ-1 with lipid raft is essential for the regulation of LPS-induced TLR4 endocytosis (Fig. 5F ).
DJ-1 KO reduces polyIC-induced cytokine secretion by regulating TLR3 endocytosis
To investigate whether DJ-1 also regulates other TLR signaling, we treated WT and DJ-1 KO astrocytes with polyIC as an agonist of TLR3. Unexpectedly, the response by polyIC was much lower in astrocytes from KO mice than those from WT mice (Fig. 6A ). In addition, the phosphorylation of p38 by polyIC was also less increased in astrocytes from KO mice than those from WT mice (Fig. 6B) , indicating that polyIC-induced TLR3 signaling is less augmented by DJ-1 KO. TLR3 is expressed on the surface of astrocytes (42, 43) . Accordingly, we investigated TLR3 endocytosis by polyIC. Like TLR4, the surface and total level of TLR3 did not differ between the two groups (Fig. 6C) . TLR3 was also endocytosed by polyIC in WT astrocytes. However, TLR3 endocytosis by polyIC was also impaired in astrocyte from KO mice like that of TLR4 (Fig. 6D) , suggesting that DJ-1 also regulates TLR3 signaling by regulating TLR3 endocytosis.
DJ-1 KO reduces LPS and polyIC induced CD14 endocytosis
CD14 is required for LPS-induced endocytosis of TLR4 (40), and mediates polyIC uptake and enhances TLR3 signaling (44) . In astrocytes, TLR3 may be endocytosed with CD14 by polyIC stimulation. Accordingly, we investigated the effect of DJ-1 on CD14 endocytosis. Total and surface levels of CD14 were unaltered by DJ-1 KO (Fig. 6E) . LPS and polyIC-induced CD14 endocytosis like that of TLR4 and TLR3, respectively. In DJ-1 KO astrocytes, LPS-and polyIC-induced CD14 endocytosis were impaired (Figs 6F and G), suggesting that DJ-1 may regulate TLR4 and TLR3 endocytosis through regulating CD14 endocytosis.
DJ-1 KO impairs lipid raft-dependent endocytosis, not clathrin-dependent endocytosis
CD14 is a GPI-anchored protein that functions to aid the delivery of various ligands to TLRs. Considering GPI-anchored proteins are localized in lipid rafts and CD14 endocytosis is impaired in DJ-1 KO astrocytes, DJ-1 may regulate lipid rafts-dependent endocytosis. To explore this possibility, we used LacCer as a marker for lipid raft-dependent endocytosis (45, 46) and transferrin as a marker for clathrin-dependent endocytosis (47, 48) . As shown in Figure 7 , LacCer was less endocytosed in astrocytes from KO mice than in those from WT mice, but transferrin was endocytosed in astrocytes from KO mice similar with those from WT mice, suggesting that DJ-1 regulates lipid raft-dependent endocytosis.
DISCUSSION
The accumulating evidence indicates that the molecular pathways of neurodegeneration triggered by each mutation may be shared by several genetic forms of PD and may also play a role in the common sporadic disease. Considering that the sublocalization of proteins is very important for performing their functions and many PD-associated proteins, including a-synuclein, parkin, PINK1 and LRRK2, associate with lipid rafts, it is very instructive to know whether other PD-associated proteins also associate with lipid rafts to elucidate the common molecular pathways involved in lipid rafts.
In the present study, DJ-1, a PD-associated protein, also associated with lipid rafts like other PD-associated proteins. Our study agrees with the previous description that DJ-1 is localized in microdomain in Hela cells (49) . We also found that the palmitoylation of DJ-1 was required for its association with lipid rafts and all three cysteine residues (C46, C53 and C106) were palmitoylated. Palmitoylation plays important roles in protein subcellular localization, stability and trafficking. Especially, many signaling proteins, including Fyn, Lck, and Ras, are localized into lipid rafts by palmitoylation (50, 51) . In addition, unlike other lipid modification, palmitoylation is a reversible process, which acts as a dynamically regulated control mechanism in a variety of physiological conditions (52) .We also observed that the association of DJ-1 with lipid rafts was dynamically regulated by LPS and serum stimulation, supporting the role of palmitoylation on the association of DJ-1 with lipid rafts.
In addition to palmitoylation, we found that a portion of the C-terminal region (130 -174 amino acid) of DJ-1 was required for its association with lipid rafts. The hydrophobic residues Figure 4 . DJ-1 is translocated into lipid rafts by LPS stimulation in rat primary astrocytes. After rat primary astrocytes were incubated with serum free media for 12 h, the cells were stimulated with 100 ng/ml LPS for indicated times. (A) The soluble and insoluble fractions were analyzed for DJ-1 by western blot. (B) The sucrose gradient centrifugation fractionation assay was performed after the cells were stimulated with 100 ng/ml LPS for 30 min.
* P , 0.05, * * P , 0.01 against WT DJ-1.
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Human Molecular Genetics, 2013, Vol. 22, No. 23 structurally adjacent to the cysteine residue influences palmitoylation in some cytosolic proteins, such as eNOS and PSD-95 (53 -55) , suggesting that the palmitoylation of the three cysteine residues of DJ-1 and hydrophobic residues in the C-terminus of DJ-1 may be important for its association with lipid rafts. This region contains a-helix F, b-sheet 9, 10 and 11, and a-helix G region (34) . Some peripheral membrane proteins interact with membranes via an amphipathic a-helix in the cytosolic monolayer (56) . Accordingly, the a-helices at the C-terminal region of DJ-1 may be functional in the membrane binding. Usami et al. (24) also proposed that DJ-1 probably attaches to membrane through hydrophobic interactions and especially the a-helix G at the C-terminus of DJ-1 may play a role on the interaction with membrane. However, they observed that incubation with the non-ionic detergent Triton X-100 resulted in the release of DJ-1 and proposed that DJ-1 might prefer not to The cells were then stained with FITC-conjugated streptavidin, and confocal microscopy was performed to detect cell surface and total biotinylated LPS (Green).
(F) After transfection of primary astrocytes from DJ-1 KO mice with WT and C46/C53/C106A mutant of DJ-1, the cells were incubated with 100 ng/ml biotinylated LPS for 30 min. After fixation, the cells were stained with FITC-conjugated streptavidin to detect cell surface biotinylated LPS (green), and then permeabilized and restained with flag antibody to detect transfected DJ-1 (red). The intensities of surface biotinylated LPS in transfected and untransfected cells were analyzed. Blue indicates DAPI staining. Scale bar indicates 20 mm. * * P , 0.01 against WT DJ-1.
Human Molecular Genetics, 2013, Vol. 22, No. 23 4811 associate with lipid rafts (24) . The discrepancy may not be due to antibody specificity we used. We performed same experiments using different antibody and observed same results (data not shown), and we did not detect any non-specific bands in western blot for DJ-1 in DJ-1 KO MEF cells (Supplementary Material, Fig. S3A ). The amount of DJ-1 associated with lipid rafts may vary depending on the cell type or external stimuli. They might not detect a small portion of DJ-1 left in lipid rafts. Additionally, considering both observations, DJ-1 may attach to membrane using the C-terminal region and palmitoylated DJ-1 may be dynamically localized into lipid rafts by certain stimuli. Familial type mutations of DJ-1 are predicted to be loss of function (1) . In the present study, familial type mutations of DJ-1 (M61I and E64D) associated with lipid rafts to a similar level as WT DJ-1, suggesting that these mutants may malfunction in lipid rafts, although they associate with lipid rafts.
We also observed that LPS signaling rapidly induced the association of DJ-1 with lipid rafts. Serum stimulation was also an induction source, implying that DJ-1 may function in lipid rafts-dependent signaling pathways. Given that DJ-1 regulates inflammatory response by LPS in astrocytes (38) and the LPS-TLR4 signaling pathway is associated with lipid rafts (36,37), we hypothesize that DJ-1 regulates LPS signaling by modulating the lipid rafts-dependent signaling pathway. In agreement with the previous study (38) , LPS-induced pro-inflammatory cytokine TNF-a expression and secretion was more enhanced in astrocytes from DJ-1 KO mice than those from WT mice. In addition, LPS-induced phosphorylation of p38 was also more enhanced, suggesting that DJ-1 may act at least the upstream of p38 during the LPS signaling pathway. We observed that surface TLR4 was retained on the plasma membrane in DJ-1 KO astrocytes after LPS stimulation. Endosomal trafficking of the LPS receptor complex is essential for signal termination and inhibition of TLR4 endocytosis increases LPS signaling (57) . TLR4 retained on the cell surface in CD14 KO cells also retained the ability to activate p38 in response to LPS treatment (40) . Accordingly, DJ-1 may regulate LPS signaling by regulating TLR4 endocytosis. To confirm whether the effect of DJ-1 is specific to TLR4 endocytosis, we explored the effect of DJ-1 on the TLR3 signaling pathway. Surprisingly, TLR3 signaling induced by polyIC was less enhanced in DJ-1 KO astrocytes. The subcellular localization of TLR3 is cell type specific. While immature monocyte-derived dendritic cells and blood myeloid dendritic cells express TLR3 exclusively intracellularly, fibroblasts, epithelial cells and astrocytes express TLR3 both intracellularly and on the cell surface (42, 43) . We also observed that both astrocytes from WT and DJ-1 KO expressed TLR3 on the cell surface. In the basal condition, there was no difference of the level of surface and total TLR3 between them. However, surface TLR3 was endocytosed by polyIC in WT astrocytes, but surface TLR3 was retained on the cell surface in astrocytes from DJ-1 KO mice, similar to TLR4. Based on the previous observation that TLR3 signaling arises in the intracellular compartment and requires endosomal maturation (43), the cell surface-retained TLR3 may not activate the signal pathway, even during polyIC stimulation. Accordingly, DJ-1 may also regulate the TLR3 signaling pathway by regulating TLR3 endocytosis. CD14 controls LPS-induced TLR4 endocytosis (40) . Also, TLR3 interacts with CD14 and CD14 brings polyIC to endosomal TLR3 and enhances polyIC-mediated TLR3 activation (44) . Accordingly, CD14 may be a common regulator of both TLR4 and TLR3 endocytosis and signaling pathway. In the present study, the endocytosis of CD14 by both LPS and polyIC was also impaired in DJ-1 KO astrocytes, suggesting that DJ-1 may regulate the TLR4 and TLR3 signaling pathway by regulating CD14 endocytosis.
GPI-anchored proteins, such as CD14 and prion, are commonly localized in lipid rafts. Kitchens et al. (58) reported that the internalization of the LPS receptor complex including CD14 occurs predominantly via non-clathrin-mediated endocytosis in monocytes, although another study reported the opposite results (57) . Presently, we also observed that lipid rafts-dependent endocytosis together with CD14 endocytosis was impaired, but clathrin-dependent Figure 7 . Effects of DJ-1 KO on lipid rafts-and clathrin-dependent endocytosis. Primary astrocytes from WT and DJ-1 KO mice were incubated with 50 nM BOIPY w FL C 5 -Lactosylceramide (LacCer, green) and 2.5 mg/ml rhodamine-conjugated transferrin (red) for indicated times. The cells were then fixed and observed by a confocal microscopy. The intensities were analyzed. Blue indicates DAPI staining. Scale bar indicates 20 mm. * * P , 0.01 against astrocytes from WT mice.
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endocytosis was not in DJ-1 KO astrocytes, suggesting that DJ-1 may regulate lipid rafts-dependent endocytosis. We did not elucidate completely how DJ-1 regulates lipid raft-dependent endocytosis. Although clathrin-dependent endocytosis has been well studied, clathrin-independent endocytosis, including lipid rafts-dependent endocytosis, is not well defined. However, clathrin-independent endocytosis can be distinguished by specific requirements for certain proteins, such as Cav-1 and the Rho GTPases, RhoA and Cdc42 (59, 60) . Accordingly, DJ-1 may act as a scaffolding protein that regulates the trafficking or function of lipid rafts associated proteins. Also, familial type mutants of DJ-1 may not act as scaffolding proteins, although they associated with lipid rafts to a similar level as WT DJ-1. Further study will be needed to clarify how DJ-1 functions. DJ-1 is also a sensor for oxidative stress through the preferential oxidation of a conserved cysteine residue at position 106 and the oxidative property of DJ-1 is important for the neuroprotective function of DJ-1 (35) . The cysteine residues of DJ-1 may be modified by palmitoylation or oxidation under certain conditions. In an oxidative state, the palmitoylation of some proteins such as HRas and CD81 is inhibited, regulating the functions of such proteins (61, 62) . Accordingly, the dynamic cycles of DJ-1 palmitoylation or oxidation may regulate the physiological function of DJ-1.
In addition to roles of lipid rafts on the astrocytic inflammatory signaling, lipid rafts in astrocytes have been associated with their important functions including glutamate clearance through modulating EAAT2 (63) and potassium buffering through the modulation of Kir4.1 (64) . Astrocytes support neuronal survival and the number of astrocytes in the SNpc is lower than in other brain area, so dopaminergic neurons in the SNpc may be more vulnerable in terms of astrocytic support (65) . Accordingly, dysfunctional astrocytes impaired in lipid rafts-dependent signaling pathways by the inactivation of DJ-1 may contribute to the death of dopaminergic neurons in the SNpc, a notion that is also supported by previous reports (66, 67) . Also, DJ-1 is expressed in neuronal cells and is also localized into lipid rafts, implying that dynamic trafficking of DJ-1 into lipid rafts may also regulate lipid rafts-dependent signaling pathways in neurons and alteration of lipid rafts-dependent signaling pathways by the impairment of DJ-1 in neurons may also contribute to the neurodegeneration observed in PD. In agreement of this notion, Trushina et al. (68) observed that mutant huntingtin inhibits clathrin-independent endocytosis and causes the accumulation of cholesterol and proposed that the perturbation of cholesterol homeostasis may cause neurotoxicity observed in HD.
As well, elucidation of the roles of other PD-related proteins associated with lipid rafts is necessary, which will provide information for understanding the pathogenesis of PD.
In summary, we found that DJ-1 associated with lipid rafts in astrocytes and neuronal cells. Palmitoylation of three cysteine residues (C46, C53 and C106) of DJ-1 was required for its association with lipid rafts. In addition, C-terminal region of DJ-1 was also important for it. On the other hand, familial mutants of DJ-1 had no effect on the association with lipid rafts. In primary astrocytes, LPS induced the localization of DJ-1 into lipid rafts. In primary astrocytes from DJ-1 KO mice, the LPS-TLR4 signaling was more augmented and it may be due to the impairment of TLR4 endocytosis. Also, polyIC-TLR3 signaling was less augmented and it may be also due to the impairment of TLR3 endocytosis. Lipid rafts-dependent endocytosis, including the endocytosis of CD14, GPI-anchored protein, which play a major role in regulating both TLR4 and TLR3 endocytosis, was also impaired in primary astrocytes from DJ-1 KO mice, but clathrin-dependent endocytosis was not. These data suggest that DJ-1 regulates lipid rafts-dependent endocytosis, which may contribute the pathogenesis of PD.
MATERIALS AND METHODS
Reagents and antibodies
Antibodies against Cav-1 and Flot-1 were purchased from BD Bioscience (Franklin Lakes, NJ, USA). Antibodies against transferrin receptor, actin, GAPDH and DJ-1 were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibodies against flag-tag and CTXB, PolyIC, LPS, MbCD and 2-bromohexadecanoic acid (2-bromopalmitate) were purchased from Sigma-Aldrich (St Louis, MO, USA). Antibodies against TLR3 and Na/K ATPase were purchased from Abcam (Cambridge, MA, USA). Phycoerythrin-conjugated TLR4/MD-2 complex antibody and TNF-a ELISA kit were purchased from eBioscience (San Diego, CA, USA). CD14 antibody was purchased from Abnova (Jhonggli, Taiwan). Alexa Fluor 488 conjugated-streptavidin was purchased from Life Technologies (Grand Island, NY, USA). Antibodies against p38 and phospho-p38 antibodies were purchased from Cell Signaling Technology (Danvers, MA, USA). LPS-EB biotin was purchased from Invivogen (San Diego, CA, USA). Rhodamine-conjugated transferrin, BOIPY w FL C 5 -Lactosylceramide and chloromethylbenzamido-Dil were purchased from Molecular Probes (Leiden, the Netherlands).
Cell culture and transfection
Rat primary astrocytes from cerebral cortices of 1-day-old Sprague-Dawley rats were cultured as previously described (69 -71) . DJ-1 Null mice were kindly provided by Dr U.J. Kang, Department of Neurology, University of Chicago (72) . Mouse primary astrocytes were cultured similar to those from rat. DJ-1 WT and KO MEF cells were kindly provided by Dr Tak Mak, Department of Medical Biophysics, University of Toronto, Canada. COS-7 cells and MEF cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum. COS-7 and primary astrocytes were transfected using lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instruction. After 24 h of transfection, the cells were used for further experiments.
Constructs p3XFlag WT DJ-1 was constructed by PCR from plasmid containing the human DJ-1 sequence kindly provided by ATGen (Sungnam, Korea). Plasmids for DJ-1 point mutants (M26I, E64D, L166P, C46A, C53A, C106A, C46/106A and C46/53/ 106A) were constructed using the QuickChange site-directed mutagenesis kit (Stratagene, La Jolla, CA, USA) and plasmids for DJ-1 deletion mutants (29 -189, 65-189, 1 -174 and 1 -129) were constructed by PCR using wild-type DJ-1 as a template. All constructs were verified by DNA sequencing and 
Western blot
After transfection, the cells were lysed in ice-cold RIPA buffer (50 mM Tris -HCl, pH 7.4, 1% Nonidet P-40, 0.25% sodium deoxycholate, 150 mM NaCl and 1 mM Na 3 VO 4 ) containing protease inhibitors (2 mM phenylmethylsulfonyl fluoride, 100 mg/ml leupeptin, 10 mg/ml pepstatin, 1 mg/ml aprotinin and 2 mM EDTA). After sonication, the lysates were centrifuged at 16 600 g for 10 min at 48C, and the supernatant was collected. Proteins were resolved by SDS -PAGE, transferred to a nitrocellulose membrane and immunoblotted with the indicated antibodies. They were then visualized using an enhanced chemiluminescence system (Sigma-Aldrich).
Isolation of detergent-resistant membranes
Cells were washed twice with ice-cold phosphate buffered saline (PBS) and lysed in ice-cold PBS containing 1% Triton X-100 and protease inhibitors (2 mM phenylmethylsulfonyl fluoride, 100 mg/ml leupeptin, 10 mg/ml pepstatin, 1 mg/ml aprotinin and 2 mM EDTA). After the lysates were incubated for 20 min at 48C, the lysates were centrifuged at 16 600 g for 10 min at 48C. Supernatants were used as soluble fractions. The pellets were washed with ice-cold PBS buffer, solubilized with 1× sample buffer and used as insoluble fraction. These individual fractions were analyzed by SDS -PAGE and western blot. For sucrose density gradient centrifugation fractionation analysis, cells were harvested in lysis buffer (25 mM MES, pH 6.5, 50 mM NaCl, 1 mM Na 3 VO 4 and 1% Triton X-100) containing protease inhibitors and incubated for 30 min at 48C with Dounce homogenization every 10 min. The lysates were adjusted to 42.5% sucrose, overlayed with 35 and 5% sucrose in lysis buffer without Triton X-100. The mixed lysates were centrifuged at 275 000 g for 20 h at 48C. From top of the gradient, Eleven 1 ml fractions were collected. Equal volumes of each fraction were analyzed by western blot. For quantitation, the density of protein bands was measured using the ImageJ software (http://rsb.info.nih.gov/ij/). To detect GM1 from each fraction, 1 ml of each of the fractions were loaded on nitrocellulose membrane. Western blot was then performed with CTXB antibody. To deplete cholesterol, primary astrocytes were treated with 20 mM MbCD for 1 h at 378C before the isolation of detergent-resistant membranes, as above.
Palmitoylation analysis
COS-7 cells were transfected with Flag-tagged WT and mutants (C46/106A and C46/53/106A) DJ-1 for 24 h. The cells were preincubated with DMEM supplemented with 1 mg/ml fatty acid free bovine serum albumin (BSA) (Sigma-Aldrich) for 1 h and labeled with 0.5 mCi/ml [9, H(N)] palmitic acid (PerkinElmer, Santa Clara, CA, USA) in DMEM for 4 h. After labeling, the cells were lysed in ice-cold RIPA buffer containing protease inhibitors for immunoprecipitation. The lysates were immunoprecipitated with 0.5 mg of anti-Flag antibody for overnight. After SDS -PAGE of immunoprecipitates, SDS -PAGE gel was enhanced for 2 h using Amplify (GE Healthcare, Piscataway, NJ, USA) and fixed and exposed for autoradiography. The part of the lysates was loaded on SDS-PAGE and western blot was performed with anti-Flag antibody.
Quantitative real-time PCR
The cells were treated with 100 ng/ml LPS or 10 mg/ml poly IC for 1 h. Total RNA was extracted from cells using Trizol reagent (Invitrogen, Carlsbad, CA, USA) and cDNA was prepared using avian myeloblastosis virus RT (Promega, Madison, WI, USA) according to the manufacturer's instructions. cDNA samples were analyzed by the Rotor-Gene SYBR Green PCR Master mix kit on Rotor-Gene cyclers (QIAGEN, Valencia, CA, USA) with specific primers. The oligonucleotide sequences were as follows: forward, 5
′ -TGAAGGGAATGGGTGTTCAT-3 ′ , and reverse, 5
′ -GGTCACTGTCCAGCATCTT-3 ′ , for mouse TNF-a; forward, 5
′ -TGTTACCAACTGGGACGACA-3 ′ , and reverse, 5 ′ -G GGGTGTTGAAGGTCTCAAA-3 ′ for mouse actin. All values were calculated using the delta Ct method and expressed as change relative to the expression of actin mRNA.
Confocal microscopy
The cells cultured on poly-D-lysine-coated coverslips were washed twice with PBS and fixed in 4% paraformaldehyde for 30 min at room temperature. The fixed cells were then washed with PBS and permeabilized with PBS containing 0.1% Triton X-100 for 10 min at room temperature. After washing several times with PBS, the cells were blocked with PBS containing 5% BSA for 30 min at room temperature, and then incubated overnight with primary antibodies at 48C. Preparations were then stained with fluorescence-conjugated secondary antibody (Jackson Immunoresearch, West Grove, PA, USA) for 2 h, mounted and observed using a model LSM710 confocal microscope (Carl Zeiss, Jena, Germany).
Flow cytometry
Mouse primary astrocytes were dispersed into a single-cell suspension with PBS containing 1 mM EDTA. To detect TLR3, TLR4 and CD14 expressions on the cell surface, cells were fixed with 4% paraformaldehyde for 1 h at 48C and were blocked by PBS containing 3% BSA for 1 h at 48C, and then incubated with primary antibodies for 1 h at 48C. After washing three times with PBS, the cells were incubated with FITC-conjugated secondary antibody for 1 h at 48C. After washing, the cells were analyzed using a FACS Vantage (Becton Dickinson, Franklin Lakes, NJ, USA). To detect intracellular TLR3, TLR4 and CD14, cells were fixed with 4% paraformaldehyde and permeabilized using PBS containing 0.1% Triton X-100 for 5 min. The next procedures were then same as those of the above cell surface staining. Data were analyzed with the WinMDI software (The Scripps Research Institute, La Jolla, CA, USA).
Statistical analysis
All values are expressed as means + SEM. Statistical significance was evaluated using the unpaired t-test or one-way ANOVA (Graphpad software, San Diego, CA, USA).
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